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The efficiency of operation of a lidar system with coherent and incoherent information processing
through a localized scattering layer has been theoretically studied, and an engineering technique for its

estimation has been developed.

Introduction

The study of the influence the medium of beam
propagation on the efficiency of operation of a lidar
system is an urgent problem, because in most cases it is
just the medium that determines the potential
capabilities of lidars in detecting objects and measuring
their parameters.! In Refs. 1-3 the influence of
scattering layers on the structure and power of a return
signal was considered. The problem was solved by the
methods of photometry as applied to sensing of an
unlimited Lambertian surface.

The results obtained may be useful in analyzing
the quality of lidar systems with incoherent processing
of a received signal. The applicability of lidar systems
depends on the type of the surface sounded, as well as
on the ratio between its size and the beam cross section.
However, there is a drawback in the approach developed
to process lidar returns that, first, it does not allow for
the diffraction effects accompanying propagation and
scattering of laser radiation and, second, it is inapplicable
to analysis of the influence of scattering media on the
operation of lidar systems with coherent processing of
the received signals. These drawbacks can be overcome
by using numerical methods.34 However, they are very
computationally expensive, so that the influence of
scattering media on the characteristics of lidar systems
that use different modes of the received signal processing
cannot be estimated on the real-time scale.

This paper was primarily aimed at developing an
engineering technique for estimating the influence of a
localized scattering layer on the efficiency of lidar
systems that use direct detection and heterodyning of
the received signals.

1. Technique for estimating the
efficiency of lidar systems

The geometry of the lidar problem under
consideration is shown in Fig. 1, where A is the plane
of the lidar system; B is the plane of entrance to the
localized scattering layer; C is the plane of exit from
the scattering layer; D is the object plane; rq, ry; Ny,
N2, q4, Qo; S1, Sy are the radius vectors describing
positions of the points in the planes A, B, C and D,
respectively; R, p; n, @, V, q; S, p are the sum and
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difference radius vectors in the corresponding planes; b
is the unit vector along the direction of scattering; b is
the wunit vector of the radiation incident on an
elementary scatterer.

Fig. 1. The geometry of the lidar problem.

The main parameter determining the detection
limit and the limiting accuracy of lidar systems in
obtaining coordinates and other information on remote
objects is the signal-to-noise ratio at the output of a
postdetector filter of a lidar recording unit.>~7 This
ratio can be written as follows:
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where D]]j?(t)l]zljand [I]]jﬁ(t)l]zljare the mean squares of
the signal and noise components of the radiant flux.
These are determined as follows>7:
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where B is the quantum efficiency of the photodetector;
e is the electron charge; 7 is the Planck’s constant; v is
the laser radiation frequency; Z is the area of the
receiving aperture; [i(ry, ry, T) is the second-order
function of coherence (FC) of the optical lidar return;
Mon(ry, ry) is the FC of radiation from the local
oscillator; T(ry, ry) is the transmission of the optical
receiving channel of the lidar; N}, is the spectral power
density of the background radiation; Pyg,(¢) is the
backscattering noise power; Av is the pass band of the
lidar receiving system; Af is the pass band of the
postdetector filter; T is the time lag; X is the subscript
equal to “inc” for lidar systems with a direct detector
(incoherent lidar systems) and “c” for a heterodyne lidar
system (coherent lidar system).

From Egs. (1)—(4) it is seen that to find the
sought parameters Qy, we should first find the FC of
the lidar return signal in the plane of the receiving
aperture of the lidar system.

The FC of the return signal can be found as!:2:
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where Iy,(¢) is the FC of the sounding radiation; U(e)
is the function describing the reflection characteristics
of the object; Gyp(¢) and Gep(e) are the Green’s
functions of the paths “lidar — scattering layer” and
“scattering layer — object,” respectively; GBC(') is the
transfer function of the scattering layer; the asterisk

denotes complex conjugation.

The transfer function of the scattering layer can be
found by solving the transfer equation® in the form

: 0
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P) = JJ p(b) exp {ib &} d°b;

K = Re {k + 21f,.(b,b)ps. / k};

k=2m/A\; A is the wavelength of sounding radiation;
O¢ = ps Ot L is the total extinction coefficient (optical
density of the local layer); pg. is the density of
scatterers; O, =0,+ 0y is the total extinction cross
section, o, is the absorption cross section, Oy is the
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scattering cross section; p(s) =

i-’: Of.(b,bDP, fio(b,b)

is the scattering phase function of an elementary
scatterer.
For spherical scatterers, taking into account that

00 ) .
p(b,b) = Hexp {~a6“} (Ref. 8), the function Ggc(*)

can be found as:
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where 8 is the angle between the vectors b and b’;
a=2.66 (d/)\)z; d is the scatterer diameter (d >>\);
o, = 21(d /2)%, s = 10.64 d* /T

To derive, in an explicit form, analytical
equations for Q. and Qy,., let us make use of the
following approximation of the transfer function of the
scattering layer:
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and determine the functions y,(¢), Gyp(*), and T(+)
by the Gauss models proposed in Refs. 1 and 2.

The noise power of backscattering from the local
layer for the monostatic coaxial sensing scheme, by
analogy with Ref. 2, can be found from the following
equation:
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where fi. (T, z) is the backscattering phase function;
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x G4p(R, p; N, W) d°R; f(t) is the envelope of the
sensing pulse; ¢ is the speed of light.

Equation (8) with regard for the accepted models,
as well as the fact that

f(t) = 2 /\[exp {~ 4¢° /1),
where T, is the sensing pulse duration, takes the form
mtr Osc Psc fsc(n) Ta dtr T c

{+a;/d, \/?r

D2<20+L> t0 P2 ¢
xljr +Tp o0 erf [ Tp+Tp o

where a, is the effectlve radius of the sensing beam at the
entrance to the layer; erf(¢) is the error function.10
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It is convenient to analyze the influence of a o o p?
localized scattering layer on the_characteristics of a lidar M. === exp {20, L},
o % c 0= p0 CXP 1=y
system by the relative indices [, and I, normalized to Oc c
exp {— 20, L} (a, is the absorption coefficient): 0 0 0 0
P ! ! P where Q?nsv Qinsv sz Qc and Pilzltc: Pin(37 ng Pc are
- o) Pl 1 /Qigc respectiYely the signal-to-noise ratihos and powers of Tche
Hine = "0 = "0 0 —exp {20, L}; return signal at the coherent and incoherent processing
Oinc  Pinc 1/ Oinc * Pbsn/ Pinc in the presence (“a”) and absence (“0”) of the

scattering layer.

Table 1
No. Object model Efficiency of lidar system with incoherent Efficiency of lidar system with coherent
signal processing signal processing
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Note. Index “0” means the absence of local scattering layer.
In Table the following designations are used:
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ay, is the effective radius of the lidar transmitter; a. is the coherence length of sensing radiation; n and m are summation indices.
Calculations were made for a collimated beam.
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The calculated results are given in Table 1. The
reflection characteristics of the object sounded were set
in accordance with the known models of point-like,
specular, and diffuse reflectors.!:> In calculations, ¢ was
the time of arrival of the return pulse reflected from
the  target.  This  time is  calculated as
t=2(y+L+2)/c

The obtained equations allow us to analyze the
influence of localized layers of scattering media on the
efficiency of lidar systems with coherent and incoherent
signal processing from a unified theoretical basis. Besides,
they allow us to take into account the main parameters of
lidar transmitting—receiving systems, scattering properties
of objects, and diffraction effects accompanying formation
and propagation of lidar signals. It is interesting to
compare the results obtained by the developed technique
with the known results on the influence of scattering
layers on the characteristics of lidar returns. Figure 2
shows the calculated results on the normalized power of
the signal backscattered from a diffuse surface and
received by a detector.
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-16

-18

0 5 10 15 20 o

Fig. 2. Normalized power of received signal vs. distance between
transmitter and diffuse surface: calculation by the proposed
technique (7 and 2); results of Ref. 2 (7' and 2'); experimental
data of Ref. 11 (w and .). Initial data for 7, 7', and w:
b 0¢ = 2.80073; ¢, ap = 1.90072; ag. /o = 0.8; and for 2, 2,
and «: O O = 1.6[1]0_3; o, ap = 1.0@0_2; Og. /0y =0.78; (¢tr
and ¢, are the angular dimensions of radiation transmitter and
receiver, respectively).

Dependences 1 and 2 were calculated by the
developed technique; dependences 7' and 2' and the
experimental results were obtained in Refs. 2 and 11.
The initial data, for which these dependences were
obtained, are given in the figure caption. The results
presented allow the conclusion that the developed
technique gives dependences, which are in close
qualitative and satisfactory quantitative agreement with
the results known from literature. The quantitative
difference between the plots 7, 2 and 7', 2' can be
explained as follows. The plots 7' and 2' were obtained
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in Ref. 2 with the use of the diffusion version of the
small-angle approximation. In this approximation the
scattering phase function is assumed isotropic at small
scattering angles.

The developed technique is based on the theory of
scattering by spherical particles of large diameter. It
should be noted that in this case the identity of sizes of
all particles does not restrict the generality of the
equations obtained, since the case of different-size
particles can be taken into account by averaging over
particle size.? Analysis we have performed allows to
draw a conclusion that the developed technique can be
used for obtaining engineering estimates of the
influence of localized scattering layers on the efficiency
of operation of a lidar system with coherent and
incoherent signal processing.

2. Results of estimation of lidar system
efficiency

The efficiencies Yi,. and Y. were estimated for the
case of sensing point-like, specularly reflecting, and
diffuse reflectors depending on the characteristics of the
scattering layer and diffraction parameters of the
transmitting-receiving system of a lidar. The obtained
results are shown in Figs. 3-9.

Figures 3—5, 7, and 8 show the dependence of the
lidar operation efficiency on the position of a scattering
layer. It is seen from the figures that when sensing
point-like and diffuse objects, as well as a specularly
reflecting one with a coherent lidar system, the
“tracing-paper” effect is manifests itself quite
distinctly,!2 i.e., the closer is the layer to the object,
the less is the influence of the layer on py. For an
incoherent lidar system, the less is the aperture of the
lidar receiver and the less is the geometric thickness of the
optical layer at fixed density, the more pronounced is this
effect. When sensing a specularly reflecting object, the
“tracing-paper” effect manifests itself if the scattering
layer is nearby the lidar. It is also seen from the obtained
results that the larger is the ratio d /A, the stronger is the
influence of the scattering layer on the efficiency of an
incoherent lidar system. At d/A 210 the dependence
Mine = f(d /\) saturates.

The nature of these effects is in the growth of the
contribution coming from radiation scattered outside
the layer as the layer thickness and the ratio d/A
decrease. The tendency of the efficiency of an
incoherent lidar system, as a function of d/A, to
saturate is explained by the fact that the scattering
cross section of a particle at large values of the Mie
parameter tends to its limiting value.!3 In this case, no
matter what the type of an object, the “tracing-paper”
effect manifests itself if the scattering layer is near the
object. This result follows from the Van Zittert—
Zernike theorem!3: the degree of coherence of a lidar
signal increases with the increasing distance from the
secondary source of radiation.
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Fig. 3. Dependence of Em on the position of a scattering layer
when sensing a diffusely reflecting object and at ai/a. =0,
R/F=0,d/A=3U-6),d/A=1(7,8), ap./a, =1 (1, 2,
5,6,7,8),ay/a, =013, 4),0,=141(1-8),L=10m (7,
3,5,7), L=100m (2, 4, 6, 8).

41078
5 3
P ———— 1079
4
T~ 2
B SR
’ — 1071
7,/ {
———————————————————— 10712
107%  107% 107! 1 10 102 10°

Fig. 4. Dependence of Em on the position of a scattering layer
when sensing a specularly reflecting object and at ai,/a. =0,
R/F=0,d/A=1(,2),d/N=3 3, 4, 5, 6), ap./a, =1
(1, 2), ap/a, =01 (3, 4,5, 6), 0c=141 (1 =6), L=10m
(1,3,5), L=100m (2, 4, 6).
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Fig. 5. Dependence of Hj,. on the position of a scattering layer

when sensing a point-like object and at ay/a. =0, R/F =0,
d/N=3(1,2,3,4,7,8,d/AN=10, 6), ap,/a, =1 (1, 2,
5,6,7,8), ap/a: =01 (3, 4), age=1.41 (1 =8), L=10m
(1,3,5,7), L=100m (2, 4, 6, 8).
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Fig. 6. Dependence of Emc on the initial length of spatial
coherence of the transmitter when sensing specular (O 0),
point-like (-+--), and diffuse (= —) reflectors at d /A =3,
aw/ar=1, R/F=0, ae =141, L=100m, R =4100m,
20=100 m (1), zg = 2000 m (2), and zy = 3900 m (3).
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Fig. 7. Dependence of ;,Dl(., on the position of a scattering layer
when sensing specular (OO ), point-like (:+-+), and diffuse
(= -) reflectors at o4 = 14.1, d /A =3, L =10 m, ay./a. = 0,
R/F=0,R=4100 m (1) and R = 2100 m (2).
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Fig. 8. Dependence of EC on the position of a scattering

layer when sensing specular (O0O), point-like (-+++), and
diffuse (= =)  reflectors at dg =14.1, d/A=3,
ay/a.=0, L=100m, R=2100m, R/F=0 (f) and
R/F=1(2).
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Figures 6 and 9 show the calculated results on P,
as a function of coherent properties of sounding
radiation, as well as of scattering properties of the
objects sounded. The calculations showed that
regardless of the reflector type, the efficiency grows
with the increasing ratio ./ a., because the radiation
characteristics at the exit from the scattering layer only
weakly depend on the coherent properties of the
radiation at the layer entrance. The nonmonotonic
character of the dependence Wy = py (@ /a.) is caused
by the competition among the diffraction effects: increase
of the coherence length as the beam propagates in free
space and loss of the spatial coherence in the scattering
layer. This phenomenon is qualitatively similar to the
nonmonotonic character of the dependence of the spatial
coherence length on the initial coherence length of a
transmitter in the turbulent atmosphere.4

107°

a/dc
L Ll 1l

0.1 1 10 100 1000

10—10

Fig. 9. Dependence of Elc on the initial length of spatial
coherence of transmitter when sensing specular (O ), point-like
(-+-) and diffuse (= —) objects and at d /A =3, ay/a, =1,
R/F=0, a,=14.1, L =100 m, R = 4100 m, zy = 100 m (1),
2o = 2000 m (2), zp = 3900 m (3).

Conclusion

So, using the Huygens—Kirchhoff method and
solving the equation of radiative transfer in the small-
angle approximation, we have developed the engineering
technique for estimating the influence of a localized
scattering layer on the efficiency of operation of a lidar
system with a direct and heterodyne detection of the
return signal.

The comparison of the results obtained by this
technique with those obtained both experimentally and
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with the use of the diffusion version of the small-angle
approximation showed that this technique allows
obtaining results, which are in good qualitative
agreement with the known ones.

It was found that the efficiency of operation
through a localized scattering layer is lower for an
incoherent lidar system than for a coherent one. This is
connected with the influence of the backscattering noise
on the efficiency of incoherent lidar systems.

It was found from this study that the efficiency of
a lidar system depends mostly on the power extinction
in the layer. As the optical density of the layer
increases, diffraction effects, which are most
pronounced when sensing specular reflectors, become
more significant.
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